In theories with large extra dimensions, supernova ͑SN͒ cores are powerful sources of Kaluza-Klein ͑KK͒ gravitons. A large fraction of these massive particles are gravitationally retained by the newly born neutron star ͑NS͒. The subsequent slow KK decays produce potentially observable ␥ rays and heat the NS. We here show that the back-absorption of the gravitationally trapped KK gravitons does not significantly change our previous limits. We calculate the graviton emission rate in a nuclear medium by combining the low-energy classical bremsstrahlung rate with detailed-balancing arguments. This approach reproduces the previous thermal emission rate, but it is much simpler and allows for a calculation of the absorption rate by a trivial phase-space transformation. We derive systematically the dependence of the SN and NS limits on the number of extra dimensions.
I. INTRODUCTION
Theories with large extra dimensions are a recent alternative to solve the hierarchy problem of particle physics ͓1-6͔. Within a certain class of models, the most restrictive limits on the size of the extra dimensions derive from the supernova ͑SN͒ emission of Kaluza-Klein ͑KK͒ gravitons, particles with an essentially continuous spectrum of masses that are a generic feature of the new theory. Even though these new particles interact very weakly, i.e. the strength of ordinary gravitons, the number of modes and thus the size of the extra dimensions is constrained by the requirement that SN 1987A did not emit more KK gravitons than is compatible with the observed neutrino signal duration ͓7-10͔.
In the simplest models, KK gravitons are stable except for their slow, gravitational-strength decay into photons, neutrinos, and other standard particles. Therefore, the decays of KK gravitons produced in all cosmic SNe will contribute to the measured cosmic ␥-ray background, providing more restrictive limits than the SN 1987A energy-loss argument ͓11͔.
Long after the parent SN has exploded, a neutron star ͑NS͒ will continue to shine in ␥-rays because a large fraction of the KK gravitons remains gravitationally trapped-most of them were produced with masses near the kinematical production threshold and thus with small velocities. Therefore, a NS is embedded in a halo of KK gravitons that shines in 100 MeV ␥-rays. The Energetic Gamma Ray Experiment Telescope ͑EGRET͒ nonobservation of such signatures from nearby NSs thus provides restrictive limits ͓12͔. The strongest constraints yet, however, are from avoiding excess heating of certain old NSs which otherwise could not cool to their observed low surface temperatures ͓12͔.
These arguments depend on the assumption that KK gravitons are not reabsorbed by inverse nuclear bremsstrahlung, a question that we failed to address when we raised our argument ͓12͔. A crude estimate of the reabsorption effect gives a time scale larger than the ages of the stars that we used for our limits, but close enough to warrant a more detailed calculation. Moreover, if the reabsorption time scale is shorter than the KK decay lifetime, NSs will be heated directly by KK absorption rather than absorbing the decay products. The excess heat would increase and our bounds would improve.
The first goal of the present paper is to calculate KK graviton absorption in a NS. Essentially this is done by phase-space transforming the emission rate. This exercise is particularly simple and transparent if one writes the graviton emission rate in a form that separates the response of the thermal nuclear medium from the phase space of the radiation. This approach significantly simplifies the original calculation of the emission rate of Hanhart, Phillips, Reddy and Savage ͓9͔ and illuminates the nature of the approximations made. To achieve the same level of precision we only need Weinberg's classical bremsstrahlung rate ͓13͔ together with the principle of detailed balancing. This approach closely follows previous calculations of neutrino or axion emission from a SN core based on the general properties of the thermal medium's response functions ͓14,15͔. Therefore, while the main goal of our derivation is to obtain the graviton absorption rate, its derivation is an illuminating exercise in its own right.
Our second goal is to extend our limits to the general case of n extra dimensions. Previously, the limits on the compactification scale were explicitly stated only for the nр3 cases. We use this opportunity to show how the various SN and NS limits scale with n.
In Sec. II we derive the emission and absorption of ordinary gravitons in the low-energy limit from a nuclear medium. In Sec. III we extend these results to the case of KK gravitons. In Sec. IV we revisit the SN and NS constraints, and in Sec. V we summarize our results.
II. NUCLEAR GRAVI-BREMSSTRAHLUNG

A. Differential energy-loss rate
The dominant graviton emission process from a SN core is nucleon-nucleon bremsstrahlung NN→NNg where for now g stands for an ordinary graviton. In the limit of soft radiation the bremsstrahlung rate is determined by the measured nuclear scattering cross section alone, i.e. the nuclear scattering event and the associated bremsstrahlung process factorize ͓9͔. In the soft limit the details of the scattering process do not matter, only the sudden change of the nucleons' energy-momentum tensor is responsible for the radiation.
Assuming that two nonrelativistic nucleons collide with the initial c.m. momenta p i ϭp 1 ϭϪp 2 to the final states p f ϭp 3 ϭϪp 4 , the differential amount of emitted gravibremsstrahlung energy is ͓13͔ 1 4 is a statistics factor for identical particles in the initial and final state while d⌫ symbolizes the neutron phase space integration, including all thermal occupation numbers, blocking factors and the energy-momentum ␦ function. True to our soft-radiation approximation, the graviton energymomentum does not appear in this ␦ function. Without the term in square brackets Eq. ͑7͒ is the rate of nn collisions per unit volume.
We now read off the dependence of the energy-loss rate Q on various input parameters. If the medium is nondegenerate, the nn collision rate per unit volume is the neutron number density squared times the cross section times an average thermal relative velocity, the latter being proportional to (T/M ) 1/2 with T the temperature. Further, from the bremsstrahlung rate we have an average E i 2 which is proportional to T 2 . A typical emitted graviton energy is of order T so that finally
where n B is the density of baryons ͑here neutrons͒. We will perform explicit calculations only for the case of nonrelativistic nondegenerate neutrons. In that case the phase-space integral can be transformed to one over c.m. momenta ͓9͔. Integrating a quantity F over the nucleon phase space yields
where u i, f ϭE i, f /T. We have explicitly kept the energy ␦ function for later convenience. Applying this result first to the nn scattering rate per unit volume we insert FϭS͉A͉ 2 . Assuming that the scattering amplitude is independent of the c.m. energy and the scattering angle we find explicitly
where the factor 1 2 accounts for identical initial-state particles. The corresponding final-state factor is already included in the total cross section.
Next we perform the analogous integral for the differential energy-loss rate and find
͑11͒
for the ''classical'' bremsstrahlung losses of the medium.
B. Total rate from detailed balancing
The differential rate derived thus far is not yet useful for calculating the total Q. To this end we observe that the emission, absorption, or scattering of any radiation by any medium is described by a suitable dynamical structure function. This is a quantum correlator of those medium operators which couple to the relevant radiation. For example, for neutrino pair emission, pair absorption, or scattering, we need the nucleon spin correlator because neutrinos couple primarily to the nucleon spin ͓14,15͔. For graviton emission we need a dynamical structure function describing the microscopic fluctuations of the medium's energy-momentum tensor.
However, in the soft limit when the energy transfer is small we may use the long-wavelength limit where the radiation's momentum transfer is ignored. The energy-loss rate of any type of radiation is then of the form
where S() is a function of the energy transfer alone. Apart from overall coefficients, S is the dynamical structure function in the long-wavelength limit. The integral is over the invariant phase-space of the radiation, one factor accounts for the energy carried by the radiation. Note that from the medium's perspective a negative is energy lost, a positive energy gained. Therefore, bremsstrahlung emission involves S(Ϫ).
The only property of relevance to our present discussion is the detailed-balancing requirement
which is a general consequence of the noncommuting nature of the correlated quantum operators describing the thermal medium, i.e. it strictly is a quantum effect. This condition ensures that the efficiency of emission and absorption of radiation is such that in equilibrium the radiation will reach a thermal distribution function. As an immediate consequence the most general structure function is of the form
From Eq. ͑12͒ we may now write the differential energyloss rate in the form
Comparing with Eq. ͑11͒ we recognize that we may write
where s(x) is a dimensionless even function normalized to s(0)ϭ1 and
Here, T 30 ϭT/30 MeV and 3 ϭ/3ϫ10 14 g cm Ϫ3 . Since S() is even apart from the ''trivial'' detailed-balancing factor, we obtain the full differential energy-loss rate up to first order in xϭ/T even though we have calculated the bremsstrahlung rate only to zeroth order in /T.
Our approach of using the concept of the structure function kills two birds with one stone. We obtain the differential emission rate up to order /T on the basis of the strictly classical soft-radiation bremsstrahlung rate. Second, the inverse process, graviton absorption, is simply a different phase-space integral over the same structure function and thus trivial to extract.
A calculation up to O(/T) is the best one can do in the framework of the soft-radiation approximation. A more accurate calculation would require modeling the nucleon interaction in detail because the scattering and bremsstrahlung parts of the process no longer factorize. Of course, a more precise calculation would also require taking many-body effects into account, i.e. one would need to calculate properly the dynamical structure function, an impossible task at present.
In the absence of any more precise insights concerning the behavior of the structure function we may use the simplest approximation compatible with our level of approximation and take s(x)ϭ1, dropping all higher-order terms. In this case we find for the total emission rate
The coefficient is numerically 12.75. The corresponding results of Ref.
͓9͔ are recovered if in the nuclear phase-space integral Eq. ͑9͒ we include the graviton energy, i.e. energy conservation now reads ␦(u i Ϫu f Ϫx) with xϭ/T. Moreover, we must include the expression Eq. ͑3͒ for dE g /d. One first performs ͐d to remove the ␦ function and then integrates the remaining expression. The coefficient of Q is then found to be 47104/(525 3/2 ) Ϸ16.11, somewhat larger than our result.
We can also extract the structure function implied by this treatment. To this end we leave the ͐d integration open and rather do ͐du i to remove the ␦ function. Collecting all factors we find s͑x ͒ϭ 1ϩe
However, s(x) is not analytic, the coefficient of the x 4 term diverges. This expression indeed agrees with ours up to O(x). Put another way, up to O() Ref. ͓9͔ explicitly recovers the detailed-balancing condition that we used as input information.
We can go through the same exercise for dE g /d of Eq. ͑2͒ and find s(x)ϭ1ϩ(5/16)x 2 ϩO(x 4 ). This again deviates from the other results only at O(x 2 ). In summary, even though one has used the soft-radiation approximation which is valid only for ӶT, one obtains an estimate of the emission rate which likely is correct within a numerical factor of order 1. Still, this approach has essentially the status of an ''educated dimensional analysis.'' A real calculation would require knowledge of the relevant dynamical structure function of the nuclear medium, not just its long-wavelength, soft-radiation limit.
C. Inverse bremsstrahlung
We are now in a position to calculate the graviton absorption rate by a nuclear medium. For simplicity we may start with the energy-loss rate Eq. ͑12͒, leave out the graviton phase space integration except for the factor 1/2, remove the factor which represents the emitted energy, include a factor 1/2 because the energy-loss rate is summed over two graviton polarizations, and substitute →Ϫ in the structure function because the medium now gains energy. Then we find
where 3 ϭ/3ϫ10 14 g cm Ϫ3 , T 30 ϭT/30 MeV, and 100 ϭ/100 MeV. We have assumed s(x)ϭ1 and in the numerical expression also e Ϫ/T ϭ0.
III. KALUZA-KLEIN GRAVITONS
A. Large extra dimensions
Next we assume that space has n large extra dimensions in which gravity can propagate. String theory suggests a total of 11 space-time dimensions so that there are at most 7 large extra dimensions in addition to our 4-dimensional spacetime. Therefore, we will limit our explicit calculations and results to 1рnр7.
We further assume that the extra dimensions are toroidally compactified with an equal radius R for all of them. Put another way, the linear size of each extra dimension is 2R and the volume of the compactified space is V n ϭ(2R) n . Kaluza-Klein ͑KK͒ gravitons that propagate in the extra dimensions with a momentum p will appear to us as having a mass mϭ p. The modes are discrete with a density of states V n /(2) n ϭR n . A summation over all modes in the extra dimensions corresponds to summing over all masses of KK gravitons in our world. For large extra dimensions the modes are narrowly spaced so that the sum over masses transforms to an integral
where
is the surface of the n-dimensional unit sphere. Note that R ϭ(R/10 Ϫ14 m)0.051 MeV Ϫ1 and that even for our best limits R exceeds 2.5ϫ10 Ϫ14 m. Since typical masses of KK gravitons emitted by a SN core are of order 100 MeV, the mode spacing is always small enough that replacing the sum by an integral is well justified.
Following 
͑23͒
where M Pl ϭM Pl /ͱ8. Numerically we find
for the relationship between M 4ϩn and R. Note that M 4ϩn is different from the energy scale M 4ϩn that was used by Hanhart et al. ͓9 ,10͔ and that we called M ϭM 4ϩn in our previous papers ͓11,12͔. This energy scale was defined from the relation
With Eq. ͑23͒ this implies
This relationship allows one to translate our new limits on M 4ϩn into limits on the previous parameter M. In the second row of Table VI we give explicit values for M /M 4ϩn , i.e. one should multiply our new limits with this factor to obtain the corresponding limits on the old parameter M.
B. Absorption and emission of KK gravitons
For KK gravitons, the absorption rate will be similar to that for ordinary gravitons of the same energy. Therefore, we may use Eq. ͑20͒ directly for this purpose.
For the energy-loss rate we must take account of the large number of available modes. For a fixed KK mode with mass m one has to include in Eq. ͑12͒ a factor ͓9͔ . The total emission rate then obtains by summing over all masses. With Eq. ͑21͒ one thus finds
where we have defined
using ϭm/. Performing the integration over masses explicitly yields
Note that g 0 ϭ19/18 does not represent the emission of ordinary gravitons because of differences in the summation over polarization states.
With these results it is straightforward to state the differential energy-loss rate. We read from Eq. ͑30͒
with yϭm/T and xϭ/T. For s(x)ϭ1 a simple approximation is F(y)Ϸ2y 0.11 e Ϫ1.045 y that is good to about Ϯ7% for 0.1ϽϽ20.
If we finally use our expression for the structure function with the simplest assumption s(x)ϭ1 we find valid for nу1.
In Table I we give numerical values for (g n f n ) 1/n because this is the effective n-dependent coefficient of R in the emission-rate formula. A simple approximation is
good to better than 1% in the range 1рnр10. The corresponding emission rate of Ref. ͓9͔, their Eq. ͑56͒, is systematically larger by factors of up to a few because their s(x) grows quadratically with x, increasing the emission of higher-energy gravitons. Recall that for the emission rate one needs the structure function for /T of a few while the soft-radiation approximation is only valid for ӶT. Therefore, our result agrees with Ref. ͓9͔ up to the claimed accuracy of either result. The soft-radiation calculation cannot predict the emission rate to better than a factor of a few.
It is straightforward to calculate the average values of several parameters of the emitted gravitons. In Table II we give explicit numerical values for the average energy ͗͘, the average mass ͗m͘, and the average velocity ͗v͘. We also
give the retention fraction f trap in a typical neutron star and the average mass of the trapped gravitons as explained in the following section.
C. Neutron-star retention of KK gravitons
The KK gravitons are produced with barely relativistic velocities. Therefore, the SN core will retain a large fraction of them gravitationally after thermal production by the nuclear medium. In order to estimate the retention fraction we take the NS to be a homogeneous sphere with a density 3ϫ10 14 g cm Ϫ3 and a mass M NS ϭ1.4 M ᭪ , corresponding to a radius of R NS ϭ13.06 km and a surface gravitational potential of
Here we use Newtonian physics rather than general relativity. Our simple NS model leads to a radial dependence of the gravitational potential within the NS of
where r is a dimensionless radial coordinate that varies from 0 to 1 in the NS. A KK graviton produced at radius r with energy remains trapped if its kinetic plus gravitational energy is negative, U(r)ϩ
where we have used that ͉U͉Ӷ1. The graviton number emissivity is given by Eq. ͑30͒ if we drop one power of under the integral. The number emissivity of those KK gravitons that remain trapped, averaged over the entire NS, is found by replacing g n with g n trap in these expressions. The latter is found if in Eq. ͑31͒ we substitute
where trap ϭm trap /ϭ1ϩU(r). For fixed n the distribution of emitted masses is a universal function of the parameter ϭm/, independently of the energy . The velocity of a KK graviton is vϭ(1Ϫ 2 )
1/2 and thus only a function of so that the distribution of KK velocities is also independent of their energy. Therefore, the trapping fraction is independent of the KK energy, in every energy class the same fraction is retained given by g n trap /g n . Explicit trapping fractions for different values of n are shown in Table II .
As another consequence the average energy of the trapped KK gravitons is identical with that of the escaping ones. However, the average mass of those that remain trapped is much larger than the overall average. We give explicit results for ͗m͘ trap in Table II . These values are only slightly smaller than ͗͘, reflecting the fact that the trapped particles are slow-moving and thus have only small amounts of kinetic energy.
IV. CONSTRAINTS ON LARGE EXTRA DIMENSIONS
A. Supernova 1987A
We begin with the classical SN 1987A energy-loss limit on the emission of KK gravitons ͓7-10͔. The duration of the SN 1987A neutrino signal precludes that too much energy was emitted in an invisible channel. For several cases involving axions or right-handed neutrinos, self-consistent cooling calculations were performed to determine the relationship between the allowed coupling strength of the exotic particles and the duration of the neutrino burst. The result can be summarized by the simple criterion that the exotic energyloss rate of a nuclear medium at a density of 3 ϫ10 14 g cm Ϫ3 and a temperature of 30 MeV should not exceed 10 19 erg g Ϫ1 s Ϫ1 ͓16,17͔. This criterion is not crude or arbitrary, but is calibrated by numerical simulations of different authors with different codes and for different cases and reproduces these results surprisingly well. The numerical studies of Ref. ͓10͔ for the specific case of KK gravitons confirms once more the accuracy of the simple criterion.
We have only considered a nondegenerate neutron medium. For the realistic case of a mixture of protons and neutrons the emission rate would be somewhat larger, while degeneracy effects would slightly decrease it. The softradiation calculation is only accurate to within a factor of a few. Therefore, it is not worth worrying about the exact influence of the mild nucleon degeneracy or the chemical composition. The simple energy-loss criterion together with Eq. ͑35͒ thus implies We give the explicit limits for 1рnр7 in 
B. All cosmic supernovae
In the toroidal compactification scheme assumed in our discussion the only decay channels for KK gravitons are into those standard-model particles that are kinematically allowed, notably into 2␥, e Ϫ e ϩ and . The coupling is of gravitational strength so that the mean lifetime is very large ͓18͔ 
͑44͒
This is comparable to the age of the universe for masses in the 100 MeV range that would be typical for those KK gravitons emitted by a SN core. The photons from these decays from all past SNe would contribute to the cosmic ␥-ray background as measured by the EGRET instrument ͓19͔, constraining the amount of KK gravitons that may have been emitted by all cosmic SNe ͓11͔. The measured diffuse ␥ background falls with energy roughly as E Ϫ2 . We have explained in Ref.
͓11͔ that this particular power-law behavior implies that the limit on the KK emission by SNe is nearly independent of the assumed core temperature and nearly independent of the KK mass spectrum as long as the masses are so large that most of the gravitons would have decayed within a Hubble time. This is the case for Tտ20 MeV and nտ2.
In Ref.
͓11͔ we found that the EGRET data imply that a typical SN core must not lose more than about 0.5% of its energy in KK gravitons. With a realistic SN rate the limit would be more restrictive by factors between 10 and 100. In the spirit of deriving conservative limits it is thus justified to assume that for all n not more than 1% of the energy loss is allowed that we used for the SN 1987A limit. Put another way, the SN 1987A limits on R scale with (10 Ϫ2 ) 1/n . The corresponding explicit limits for 1рnр7 are given in Tables V and VI, respectively.
C. Supernova remnant Cas A
The SN remnant Cas A probably corresponds to Flamsteed's SN of 1680, but in any case is so young that the cloud of emitted KK gravitons would still appear as a point source to EGRET, even ignoring the fact that a large fraction of them is gravitationally retained ͓11͔. The absence of an EGRET source at the location of Cas A implies that the flux of decay photons at Earth from this source is limited by
In order to predict the photon flux at Earth we begin with the KK emissivity Eq. ͑28͒. To get the number flux we must include a factor Ϫ1 under the integral. Further, we must include the decay rate ⌫ 2␥ , involving the time-dilation factor m/ and 2␥ Ϫ1 from Eq. ͑44͒, i.e.
with ␥ϭ5.3ϫ10 Ϫ24 s Ϫ1 MeV Ϫ3 . We further need to multiply with the volume V NS of the NS and with the time-scale ⌬t NS of KK emission, i.e. the cooling time scale of the nascent neutron star. We will use V NS ϭM NS /, assume a NS mass of 1.4 M ᭪ , and take ⌬t NS ϭ7.5 s. This time scale corresponds to the SN 1987A energy-loss argument, assuming that at most half of the total energy goes into KK gravitons. Finally we need to divide by 4d 2 with dϭ3.4 kpc the distance to Cas A. We further need a factor 2 for two decay photons per graviton. We also assume that for every decaying KK graviton we have E ␥ ϭ/2, i.e. we ignore the narrow energy distribution of the decay photons from nonrelativistic gravitons. Collecting all factors we predict an EGRET flux at Earth of
where E 0 ϭ100 MeV. The ͐dm integral is explicitly nϩ4 h n with
Therefore, we have
11/2
. ͑51͒
We give explicit values for (⍀ n h n ) 1/n in Table I .
Comparing with Eq. ͑45͒ then gives us the limits on R and M 4ϩn shown in Tables V and VI, respectively, for T ϭ30 MeV. In contrast to the previous results they now depend rather sensitively on the SN core temperature. Reducing T to 20 MeV degrades the R-limit for nϭ2 by about a factor of 10, for nϭ7 still by about a factor of 2. The M 4ϩn limits are somewhat less sensitive. Changing from 30 to 20 MeV degrades the nϭ2 limit by about a factor of 3.5, the nϭ7 limit by about a factor of 2. Overall the Cas A limits are comparable to those from all past SNe.
D. Gamma radiation from neutron stars
A large fraction of the KK gravitons emitted by a SN core are gravitationally retained so that every NS would be embedded in a halo of these particles. Therefore, NSs would be bright sources of 100 MeV ␥-rays visible to EGRET. The flux of decay photons expected from a NS can be written in a way which is very similar to Eq. ͑47͒, except that the integral over dm is changed so that only the trapped gravitons are counted
The function I n (u) is defined as
͑54͒
In Table III we give I n for nϭ1 -7 and Tϭ30 MeV.
Comparing this flux prediction with the EGRET pointsource limit Eq. ͑45͒ for various old NSs then allows one to derive limits on R. In our previous paper ͓12͔ we used several old NSs for this argument. The most restrictive limits were obtained from the nearest neutron star RX J185634-3754 that was taken to be at a distance of 60 pc ͓20͔ and from PSR J0953ϩ0755 at 120 pc ͓21͔. However, the distance of RX J185634-3754 has recently been adjusted upwards to 117Ϯ12 pc ͓22͔, so that the distance is now exactly the same as for PSR J0953ϩ0755. This in turn means that the derived limits on R from the gamma-ray luminosity are exactly the same for the two stars. The limits on R and M 4ϩn thus derived are tabulated in Tables V and VI, respectively. The flux prediction of Eq. ͑49͒ scales with the SN core temperature as T 11/2 , just as for the Cas A argument. Therefore, the limits are equally sensitive to T as discussed in the previous section.
E. Neutron-star excess heat
Decay of KK gravitons
Even more stringent constraints are obtained from considering the heating of old NSs by the trapped cloud of KK gravitons surrounding them ͓12͔. When a graviton decays outside the NS, the fraction of the decay photons hitting the We proceed in the following way to calculate the rms distance of a particle in the graviton cloud from the center of the star ͗d 2 ͘ 1/2
. First we calculate the average total energy Eϭ 1 2 v 2 ϩU(r) for the trapped gravitons. We then assume for simplicity that all gravitons are on purely radial orbits. Given the level of approximations entering this calculation this is certainly justified. By solving the equation of motion for a graviton with energy E on a radial orbit we get ͗d 2 ͘ 1/2 , and from this we can calculate the fraction, F, of the total KK-produced photon flux absorbed by the NS. In doing this we assume that all gravitons decay when they are at a distance of exactly ͗d 2 ͘ 1/2
. Numerical values for ͗d 2 ͘ 1/2 and F are shown in Table IV for Tϭ30 MeV.
Having calculated the fraction of the total flux absorbed by the star, we can calculate the total energy per unit time absorbed by the star, L, as
Values for the parameter
are shown Table III . The thermal cooling time scale of an isolated neutron star is of order 10 5 -10 6 yr. The neutron star PSR J0953ϩ0755 has an estimated age of 17ϫ10 6 yr, and Hubble Space Telescope ͑HST͒ observations indicate that it has a total luminosity of roughly 10 Ϫ5 L ᭪ ͓23͔. Comparing this to the total energy transferred to the star from KK graviton decay, Eq. ͑55͒, yields an upper limit on R. In Tables V and VI we have tabulated limits on R and M 4ϩn derived from the maximum energy transfer per unit time to the neutron star L max ϭ10 Ϫ5 L ᭪ . As we discussed in Ref. ͓12͔, this limit is far stronger than other astrophysical limits on R. For nϽ5 it is stronger than any current laboratory limits.
The predicted NS heating rate of Eq. ͑55͒ scales with the SN core temperature as T 13/2 , slightly steeper than for the previous arguments. The T-sensitivity of the limits on R and M 4ϩn is almost the same as before.
Reabsorption in the neutron star
KK gravitons in the trapped cloud will be inside the NS on part of their trajectory. Assuming, as before, that all gravitons move on radial orbits we have calculated the fraction of time an average graviton spends inside the NS, t inside . While the graviton is inside the neutron star it can potentially be reabsorbed by the nuclear medium. Using Eq. ͑20͒ we find the following absorption rates for average gravitons:
where values of ⌫ n are tabulated in Table IV . Comparing this reabsorption rate to the age of the two NSs RX J185634-3754 (1.6ϫ10 13 s) and PSR J0953ϩ0755 (5.4ϫ10 14 s) we see that reabsorption in the medium is at most a moderate effect.
V. CONCLUSIONS
We have systematically revisited the constraints on KK graviton emission by SN cores and neutron stars that have been discussed in the literature. We have paid close attention to the scaling with the number n of extra dimensions and to the conventions concerning the relationship between the radius R of the large extra dimensions and the fundamental energy scale, the (4ϩn)-dimensional effective Planck mass M 4ϩn . Our limits are summarized in Tables V and VI. For nϭ2 and 3 the limits based on EGRET observations are slightly less restrictive than stated in our previous papers, largely because we use a somewhat smaller emission rate from a SN core, and because the estimated distance to RX J185635-3754 has increased by a factor of 2. However, the bound from neutron star excess heat is in fact slightly more restrictive than stated in our previous paper. The reason is that the average distance of a graviton from the neutron star center is somewhat lower in the present calculation, compared to what was used in our previous work. The main theoretical new ingredient of our work is a new approach to calculating the emission rate. For low-energy gravitational bremsstrahlung the emission rate can be calculated directly from the classical formula in conjunction with the universal detailed-balancing property of the medium's dynamical structure function. This calculation agrees with previous works to the specified order of precision, but is vastly simpler and clearly illuminates the nature of the used approximation. The KK graviton emission rate by a SN core cannot be calculated to better than a factor of a few. However, this uncertainty hardly affects the limits, especially for large n, because the limiting value of R is proportional to the nth root of the limiting emission rate.
Another benefit of our derivation is that it produces directly the absorption rate. It is found to be so small that the gravitationally trapped KK gravitons are not reabsorbed too quickly to invalidate our previous arguments. In our paper ''Supernova and neutron-star limits on large extra dimensions reexamined'' a small error has occurred. We have mistakenly used the old distance of 60 pc rather than the new value of 117 pc for the nearby neutron star RX J185635-3754. Therefore, the corresponding limits on R are degraded by a factor (117/60) 2/n while those on M 4ϩn need a factor (60/117) 2/(2ϩn) . Here we reproduce Tables V and VI with the corrected limits in boldface. We thank G. Sigl for drawing our attention to this error.
Note that these limits can be significantly improved if one uses all neutron stars in the galactic bulge as a source rather than only the single nearby stars RX J185635-3754 and PSR J0953ϩ0755. The loss caused by the greater distance is significantly overcompensated by the large number of neutron stars ͓1͔. 
